Abstract-IBM has made several quantum computers available to researchers around the world via cloud services. Two architectures with five qubits, one with 16, and one with 20 qubits are available to run experiments. The IBM architectures implement gates from the Clifford+T gate library. However, each architecture only implements a subset of the possible CNOT gates. In this paper, we show how Clifford+T circuits can efficiently be mapped into the two IBM quantum computers with 5 qubits. We further present an algorithm and a set of circuit identities that may be used to optimize the Clifford+T circuits in terms of gate count and number of levels. It is further shown that the optimized circuits can considerably reduce the gate count and number of levels and thus produce results with better fidelity.
I. INTRODUCTION
Interest in quantum computing has received a boost with the availability of IBM Quantum Computers (www.research.ibm.com/ibm-q) that enables users to run quantum experiments. Recently, various computational tasks (e.g., Bell state discrimination [1] , teleportation using optimal quantum resources [2] , quantum permutation algorithm [3] , quantum cheque [4] , testing Mermin inequalities [5] , etc.) have been realized using IBM Quantum Computers. The IBM Quantum Computers work for a limited number of qubits (5, 16, or 20) and one of the problem with the current implementation is fidelity (i.e., noise in the output states) [6] . There is a direct (although not linear) correlation between the number of gates and the fidelity of the experimentally obtained output state and the desired output state which would have been obtained in the ideal scenario. In fact, in Ref. [1] and other recent works using IBM quantum computers it is clearly observed that the state fidelity reduces considerably with the increase in the gate count. Further, because of this fact, each IBM quantum computer imposes a bound on the maximum number of gates that can be used in a single experiment. It is therefore imperative to keep the number of gates in circuits a minimum. The objective of the present work is to design mapping algorithms for IBM quantum computers and to obtain optimized IBM circuits for some computational tasks of particular interest. We obtain several equivalent circuits for the same tasks and compared their gate count and number of levels.
The rest of the paper is structured as follows: Section II briefly describes the fundamentals of quantum computing and basic steps of synthesizing quantum circuits from Boolean functions. Section III illustrates mapping CNOT gates into IBM's QX2 and QX4 Architectures. Section IV presents an optimization method with examples. The significance of the proposed method is shown with experiments in Section V. Some additional ideas on how to further reduce the number of gates, are presented in Section VI. The paper concludes with some observations and directions for future research in Section VII.
II. BACKGROUND
Quantum systems perform logic operations according to the principles of quantum mechanics that are entirely different from their classical counterpart [7] . The fundamental unit of information in quantum computation is the qubit. The state of a qubit is represented by a vector in a two-dimensional complex vector space [7] and is expressed as follows:
The coefficients α and β are complex numbers called probability amplitudes that satisfy the constraint |α| 2 + |β| 2 = 1. The states |0 and |1 are known as computational basis states that are analogous to the states 0 and 1 respectively of a classical bit. The states of a qubit can be the superposition of the states |0 and |1 . With the superposition of states, an infinite state space can be found in the quantum computation [7] . Time evolution of a quantum system (transition between states) is described by a unitary transformation. Quantum gates are unitary matrices and operations are inherently reversibleexcept for measurements and the effect of noise. IBM architectures implement quantum circuits with the Clifford+T gate library. However, it is very difficult to directly implement logic functions in quantum circuits with this library. Hence, synthesis of logic functions into IBM architectures can be generally viewed as a series of the following steps: 1) Transform the given Boolean function into a reversible one (Multiple controlled Toffoli gates are most frequently used here [8] ); 2) Decompose the Toffoli circuit into gates from the Clifford+T gate library [9] , [10] . 3) Map the gates to one of the IBM architectures. In this paper, we address the last point. It should also be noted that some quantum algorithms will not start with a Boolean specification. However, they will also need the last step in the above flow.
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(a) QX2 [13] .
(b) QX4 [14] . 
III. MAPPING CNOT GATES TO IBM'S QX2 AND QX4 ARCHITECTURES
IBM's 5-qubit quantum computers (QX2 and QX4) [11] support gates from the Clifford+T gate library [12] . Not all CNOT gates can be implemented directly, due to their architectures (shown in Figure 1a and 1b). The arrows shown in these figures indicate which CNOT gates are implemented. Specifically, a qubit shown at the tail of the arrow can only work as control qubit and the qubit shown at the head of the arrow can only work as target qubit. Thus, in QX2, a CNOT can be implemented between Q3 and Q4, with Q3 as control qubit and Q4 as the target qubit, but the opposite cannot be done directly. Further, no CNOT gate can be implemented directly between Q1 and Q3 as they are not connected. However, all CNOT gates can be implemented with the aid of some additional gates. The two architectures are considered in turn.
A. QX2 Architecture
In the QX2 architecture, shown in Figure 1a , only six CNOTs (indicated by 6 arrows) out of Six can be realized by interchanging the target and control. This can be accomplished by adding four Hadamard gates (an example is shown below).
For the remaining eight CNOTs the target can be interchanged with qubit 2 and then changed back. This is illustrated with an example as shown below. A similar transformation is always possible in the other cases, too, since qubit 2 can be a target for any control. 
However, there is an alternative transformation-first proposed in [15] . As shown below, this will also add six Hadamard gates, but only three CNOT gates. Also, the number of levels increase by at most seven-one less than the previous method. An additional benefit may come from the fact that the two Hadamard gates at the end of the transformation may result in further reductions. Now consider the QX4 architecture as shown in Figure 1b . Again, six CNOTs can be realized directly and six can be realized by interchanging the target and control (as explained above.) For the following CNOTs (denoted as a pair of qubits, where the first qubit is the control and the second is the target) {(0, 4), (1, 4), (3, 0), (3, 1), (4, 0), (4, 1)} we may exchange the control with qubit 2 at a cost of 10 additional gates using the swap gate approach, or with 9 additional gates using the template approach. Both methods are illustrated with an example below. Circuit identities described in this section facilitate the conversion of a given circuit into a circuit that can be realized using a particular architecture of IBM's 5 qubit quantum computers (QX2 or QX4). However, a circuit obtained in such a way would not necessarily be optimal. Thus, to obtain better fidelity in a real experiment, we would require to develop methods for optimization of the obtained Clifford+T circuit remaining within the constrains imposed by the particular architecture. In the following section, we aim to propose such a method.
IV. OPTIMIZATION
The problem addressed in this section can be stated as follows: given a quantum circuit with gates from the Clifford+T gate library, find the optimal implementation for an IBM fivequbit quantum computer. The only gates in such a circuit that are not supported directly, are some CNOT gates. It has been shown in the previous section, that there are mappings for each of those gates such that they can be realized with some added cost. The cost is measured by counting the number of gates and the number of levels. It is easy to see, that some permutation of qubits may result in differing final cost [16] . It is well known, that some gates in a quantum circuit may be interchanged. Specifically, if the matrices of two adjacent gates commute, then the gates can be interchanged. This property has been used extensively in the optimization of reversible circuits [17] . In what follows, we will use this property for the optimization of the quantum circuits designed for the implementation in IBM's 5-qubit quantum computers.
Two adjacent gates can be interchanged if one of the following conditions applies:
• They do not involve the same qubits; • T , S, S † ,T † , and Z will commute with each other even if they act on the same qubit;
• CN OT (x, y) commutes with CN OT (z, w) if x = w and y = z. The following reduction rules of adjacent gates can be applied:
• Any consecutive self inverse gates can be eliminated (such as H, X, Z, and CN OT );
The reduction rules are applied by moving each gate as far as possible to the left in the circuit. At each position, apply a reduction rule if possible. This is only a heuristic, and some possible reductions may be missed. The main algorithm is outlined below. The function mapIBM(C in ) will map the necessary CNOT gates to the given IBM architecture. This function will differ according to the target architecture. Since the target architectures only have five qubits, it is feasible to consider all 5! = 120 permutations. The function reduce() will attempt to minimized the number of gates according to the criteria given above.
A. An Illustrative Example
Li et al. analyzed theoretical proposals for the implementation of approximate quantum adders [18] . These adders Algorithm: Optimize Circuit Data: C in : circuit to be optimized (Cliffort+T gates) Result: C best : the best circuit found
were optimized using a genetic algorithm. They show one example of realizing such a circuit with IBM's QX2 computer. Specifically, the following approximate quantum adder was reported in Figure 4 of [18] .
This translates to a circuit with Clifford+T gates as shown in Figure 2 . In [18] this is mapped to IBM QX2 quantum computer at a cost of 41 gates and 27 levels. With our proposed algorithm, the circuit shown in Figure 3 is obtained. This is accomplished by interchanging the first two qubits and applying some reductions. Interestingly, the cost is reduced to 28 gates and 18 levels. This is a significant reduction from the original proposal as it requires 32% fewer gates and 33% fewer levels. Such reduction has a big impact, given the poor fidelity of the QX2. Mapping the adder to the QX4, yields a similar result with a different qubit permutation (not shown here, due to the lack of space).
V. EXPERIMENTAL RESULTS
The algorithms presented in this paper have been integrated into RevKit [19] . Runtimes for the experiments are negligible, and therefore not reported. Some experimental results are shown in Table I . For every benchmark circuit, there are two rows in the table. The first row shows the circuit without permuting the qubits. There are four ways that this can be accomplished: 1) For QX2 using the swap gate principle; 2) For QX4 using the swap gate principle; 3) For QX2 using the template principle; 4) For QX4 using the template principle. The second row shows the best result from all permutations of the qubits. For each method the number of gates as well as the number of levels are shown in the table. The best results are shown in red.
As can be seen from Table I , significant reductions can be obtained by simply permuting the qubits. For example,
